Carbon dots represent a kind of fluorescent nanomaterial and have broad application prospects in the field of biosensing and optoelectronics. Here, we explored carbon dots with a high-fluorescence quantum yield rate synthesized from L-cysteine and citric acid by the microwave-assisted method. The characteristics of the carbon dots were studied using a transmission electron microscope, an X-ray diffractometer, X-ray photoelectron spectra, a UV-Vis absorption spectrometer, a FTIR spectrometer, and a fluorescence spectrophotometer. The obtained carbon dots exhibited a high-fluorescence quantum yield (up to 85%), which is due to the combination of amidogens and sulfydryl with carbon dots, and hence bring the improved fluorescence property. We used carbon dots for in vitro imaging of CRL-5822 cells and human umbilical vein endothelial cells, which showed the low inhibitory rate (0.8%) of cells for 48 h with good biocompatibility demonstrated by the cell viability assay. The image of cells can be observed clearly under UV light. The Stern-Volmer equation was introduced to describe the quenching effect between the fluorescence intensity of carbon dots and the concentration of aqueous dopamine (DA).
Introduction
Carbon dots are "zero-dimensional" nanoparticles with carbon structures [1] . As a relatively new member in the big family of fluorescent materials, carbon dots have drawn ever-increasing attention for their promising properties, such as high chemical stability, low blinking, and good biocompatibility [2, 3] . These characteristics have been exploited for a range of applications including chemical sensing, bioimaging, biolabelling, biomedicine [4] , photocatalytic energy conversion [5] , and as nanocarriers for gene delivery [6] . Especially for in vivo and in vitro biological purposes, fluorescence probes require not only typical fluorescent properties but also the vitality of host cells or organisms. Therefore, low cytotoxicity, one of the key features of carbon dots, makes them of promising significance in the field of in vivo and in vitro biology. Moreover, the fluorescence wavelength of the carbon dots is dependent on the excitation wavelength in certain ranges, making them more flexible in applications.
The fluorescence behaviors of carbon dots are determined by their sizes, crystalline degrees, and functional groups. Notably, "naked" carbon dots are usually reported to be low in fluorescence quantum yield, but they can be dramatically enhanced by chemical modification or functionalization with organic molecules [5] . As a result, to get carbon dots with a high quantum yield, researchers systematically studied the synthesis of the carbon core to the modification of the surface and proposed the easier concept of "one-stepsynthesis" to harvest high-fluorescence carbon dots from a single step of preparation. Featuring the characteristics of easy methodology, organic solvent-free reaction, economy, efficiency, and security, microwave assistant synthesis is one of the most promising ways towards the preparation of fluorescent carbon dots. The precursor of carbon dots is essential for the fluorescence behavior because some chemical structures of both the core and the surface of the carbon dots originate from the diversified carbon sources and possess high design flexibility, even varying from daily food to beverages, such as coffee [7] , green tea [8] , pumpkin [9] , and potato and cucumber [10] . Light-emitting diode, photocatalysis, and fluorescent sensing represent the typical application of carbon dots, among which the study of carbon dots with a high-fluorescence quantum yield plays a vital role. Therefore, the synthesis of carbon dots with strong fluorescence and high-fluorescence quantum yield remains the focus of the carbon dot area.
DA, as a significant biological neurotransmitter, exists extensively in the inside of the living creature's body and participates in a number of motivated behaviors such as brain activity, cardiovascular system activity, and neurotransmission [11] . The abnormal levels of DA concentration in patients are related to many serious diseases especially neurologic diseases, such as Parkinsonism, schizophrenia, Huntington, and Alzheimer [12] [13] [14] [15] . Thus, a sensitive and precise detection method of DA is of great importance in clinical determination. Owing to the electroactive nature of DA, many measures based on electrochemical techniques have been proposed. However, due to the existence of many interfering substances and their similar oxidized potentials to DA, the deviations would be taken in the results of DA determination. Therefore, it is still of great necessity to focus on the further development of a facile, convenient, and highly sensitive and selective method for the determination of DA. Compared with the traditional detection method, there are many advantages including stable photoluminescence, highly responsive speed, excellent biocompatibility, good sensitivity, and selectivity for carbon dot-based fluorometric detection. As a promising substitute to the traditional detection method, the fluorescent properties of carbon dots were studied for DA detection.
In this study, carbon dots with high fluorescence were synthesized from L-cysteine and citric acid (both also used in the food industry) by the facile and economic approach of the short-time microwave heating method. The fluorescence properties and cytotoxicity of the prepared carbon dots are studied in detail. Furthermore, the application of carbon dots as a fluorescent probe for in vitro imaging of CRL-5822 cells (a typical cancer cell) and human umbilical vein endothelial cells (HUVEC) is also studied. The quenching behavior of carbon dots by the DA solution was found and further demonstrated, and the fluorescence intensity of carbon dots possessed a direct correlation to the concentration of DA in aqueous solutions. The human serum was purchased from ShangHai YuanYe Biotechnology Co., Ltd. Lab-made deionized water was used throughout the experiments.
Material and Methods

Preparation of Carbon Dots.
The carbon dots were prepared by microwave-assisted rapid synthesis. 0.57 g L-cysteine was dissolved in 10 mL deionized water under agitation and then mixed with 1.5 g citric acid. After ultrasonication for 10 mins, the obtained solution was heated for 4 min in a microwave oven. Following the reaction, the product was cooled down to room temperature naturally and then dissolved in 10 mL deionized water under agitation to get a brown solution. Finally, it was centrifuged at 9000 rpm for 10 min to remove the impurity and filtered by a filter. The obtained solution was extracted by ethyl acetate and then kept in a refrigerator under 4°C for later use.
Characterization.
High-resolution transmission electron microscopy (HRTEM) was conducted on a JEM-2100F STEM (JEOL, Japan). XRD patterns were obtained from an X-ray diffractometer (D8 ADVANCE, Bruker, Germany). The UV-Vis absorption spectra were taken on a UV-2450 spectrometer (Shimadzu, Japan). The fluorescence spectra were recorded using a fluorescence spectrophotometer (F-4500, Hitachi, Japan). FTIR spectra were analyzed using a Fourier transform infrared spectrometer. X-ray photoelectron spectra (XPS) were acquired on an AXIS Ultra DLD X-ray photoelectron spectrometer (Kratos, Tokyo, Japan). Cellular images were captured using an inverted biologic microscope and an inverted fluorescence microscope.
2.4. MTT Assay. CRL-5822 cells and human umbilical vein endothelial cells (HUVEC) were selected for the cell cytotoxicity test. A prepared cell suspension was plated on a Costar® 96-well plate and cultured at 37°C with 5% CO 2 for 24 h to adhere cells onto the surface of the cover glass. Then, the cells that did not undergo treatment with carbon dots were taken as the reference group. The four test groups consisted of carbon dots in aqueous solutions with different concentrations and cells, and then cultured for another 48 h, 24 h, and 6 h respectively. We added 20 μL of 5.0 mg⋅mL -1 MTT solution into each well, and the cells were further incubated for 2~4 h to restore MTT to formazan. After 150 μL of DMSO was added to remove formazan, the optical density (OD) of the mixture was measured at 490 nm with an ELIASA. The inhibitory rate I of cells, which was inversely proportional to the cell survival rate, can be calculated according to the following formula [16] :
where I depicted the inhibitory rate and A t and A c represent the absorbency of the test group and the control group, respectively.
Cellular
Imaging. The CRL-5822 cells and HUVEC were cultured in DMEM solution, which was supplemented with FBS to prepare a cell suspension. A culture dish with 6 wells containing 2 mL of cell suspension in each well was used. Journal of Nanomaterials Then, the culture dish was transferred into an incubator for 24 h to adhere cells onto the surface of carbon dots. After this, further cell treatment was conducted by replacing the medium with serum-free medium for 6 h. The 1 : 50 configuration of the medium with carbon dots was added into hunger-treated cells for 6 h and 12 h respectively for optical imaging. Finally, phosphate-buffered solution was used to wash the cells to remove extracellular carbon dots for microscopic analysis.
Results and Discussion
3.1. The Structures of Carbon Dots. The synthesized carbon dots were well separated in the solution with high fluorescence. The inset in Figure 1 shows that the synthesized carbon dots are near-spherical particles with diameters in the range of 2-4 nm. The HRTEM picture illustrates that the carbon core is well crystallized, with interlattice spacing around 0.31 nm, corresponding to the (002) interplanar distances in the carbon materials with turbostratic disorder and to the shoulder peak at 25 degrees in the XRD pattern of carbon dots as shown in Figure S1 [17]. The FTIR spectra of the prepared carbon dots are shown in Figure S2 . The peak in the region of 3036-3600 cm -1 is identified as the stretching vibration absorption peak of the O-H and N-H band, and the small band at 2927 cm -1 could be aroused by the stretching vibrations of the C-H bond. The relatively weaker characteristic peaks at 2500-2600 cm -1 are consistent with the stretching vibration peaks of -SH. The peak at 1711 cm -1 corresponds to the stretching vibration peak of the C=O bond. The peak at 1639 cm -1 is assigned to the stretching vibrations of C-O and the bending vibrations of N-H [18] . The peak at 1399 cm -1 is related to the stretching vibration of the C-N, N-H, and -COO bonds. The above observations confirm that reductive groups, such as -OH, -NH 2 , and -COO, exist on the fringe of carbon dots, which have been reported to be able to improve the fluorescence of carbon dots [19, 20] . As shown in Figure S3 (a), the XPS full scan spectra of carbon dots indicate that there are four clear peaks around 163.17 eV, 284.64 eV, 400 eV, and 531.69 eV ascribed to sulfur (4.42%), carbon (57.97%), nitrogen (5.46%), and oxygen (32.15%), respectively [21] . The spectrum of N 1s shown in Figure S3 (b) includes peaks at 400 eV for C-N, which indicated that the chemical groups -NH 2 immobilized on the carbon dots had only one state (C-NH 2 ) [2] . In Figure S3 (c), the C=O and O-H units corresponded to peaks at 531.6 eV and 533.1 eV, respectively [22] . From Figure S3 (d), it is shown that the C 1s peaks at 284.4 eV, 286.2 eV, and 288.3 eV corresponded to C-C, C-O/C-N, and C=O, respectively [2] . These results were in consonance with those of FTIR spectometry, demonstrating that the common hydrophilic groups such as amidogen, carboxylic, and hydroxyl from the precursor were immobilized on the edge of the synthesized carbon dots. These can make contributions to the improvement of the solubility of carbon dots, which improves the dispersion of carbon dots in an aqueous solution to obtain a homogeneous carbon quantum dot solution and reduces the loss of a quantum confinement effect of carbon dots due to agglomeration. As a result, the fluorescence property of carbon dots was improved.
The Optical
Properties of Carbon Dots. The UV-Vis absorption spectrum and fluorescence spectra (excitation wavelength=355 nm) of carbon dots are shown in Figure 2 . The carbon dot solution (with pictures in the upper right corner of Figure 2 ) changes from colorless to bright blue after excitation by UV light. The absorption peak at 341 nm originates from the n -π * transition of C=O bonds, which is similar to the results of other published works [23] [24] [25] . Based on the consistent shape of absorption spectra and fluorescence excitation spectra, in the near UV-Vis range, the carbon dots' optimal excitation wavelength is in the vicinity of 340 nm~360 nm, resulting in fluorescence at~439 nm. Figure S4(a) shows that under excitation with a different wavelength, the fluorescence emission not only varies in intensity but also shifts in wavelength, known as excitation-dependent fluorescence emitting. The normalized fluorescence spectra of carbon dots are displayed in Figure S4 (b), clearly demonstrating that the emitting red shifted from 435 nm to 460 nm while the excitation wavelength increased from 300 nm to 400 nm. This phenomenon can be explained by the nonuniform size distribution of carbon cores and the multiple surface sites existing on carbon dots. The nonuniform size of the carbon cores and the multiple surface sites which had different optimum excitation wavelengths emitted different optimum fluorescence levels at various excitation wavelengths. As a result, the emission wavelength of carbon dots varies with the excitation wavelength. Quinine sulfate with a fluorescence quantum yield of 0.54 was chosen as the standard fluorescent agent because of the similar excitation and emission wavelength with the prepared carbon dots. The quantum yield with reference is calculated by the following equation [26] : 3 Journal of Nanomaterials where φ, K, and η are the quantum yield, gradient from the linear regression, and refractive index of solution, respectively. The subscripts "st" and "x" refer to the standard fluorescent agent and the tested sample, and the value of η x /η st is 1 for those two solutions with extremely low concentrations. The absorbances of both the sample and standard fluorescent agent were kept under 0.1 to guarantee a linear relationship between the absorbance and the molar concentration. Finally, the fluorescence quantum yield of carbon dots is 85% (shown in Figure S5 ), given by the slope of the diagram of fluorescence integral intensity to the absorbance. The chemical groups of -NH 2 contributed to the fluorescence variation of carbon dots and improved their fluorescence quantum yield, which could be explained by the edge-treatment-dominated optical tunability caused by the resonance between the π orbital and the molecular orbital in the -NH 2 groups in Ndoped carbon dots [19, 20] . The surface passivation of carbon dots with organic groups (especially -NH 2 groups) can improve the emission fluorescence [27] . This was demonstrated by the experimental observation of the high quantum yield of carbon dots. In previous reports, the sulfur and nitrogen dopant strengthened the catalytic ability for carbon materials [28] [29] [30] . It seems that the -SH groups would improve the above fluorescence-enhancing effect of -NH 2 groups on the performance of the doped carbon nanomaterials through a synergistic effect [31] . The chemical group of -SH and -NH 2 were combined with the carbon dots synthesized by microwave simultaneously. The high degree of recrystallization of carbon dots with the inside-out heating method and the sulfur and nitrogen groups contribute to the high-fluorescence quantum yield of these carbon dots. The quantum yield value remains up to 81% even after extraction by ethyl acetate, which still exceeded the recent report value [32] . Table 1 shows the quantum yield of carbon dots in previous works. The quantum yield of carbon dots which was functionalized with amino groups through the hydrothermal carbonization of chitosan by Yang et al. is about 7.8% [18] . The surface of carbon dots was passivated by oligomeric poly(ethylene glycol) diamine (PEG1500N) molecules through the reflux method, and only a 20% quantum yield was obtained. After further processing of better surface passivation, the quantum yield of carbon dots is higher than 50% by Wang et al. and Yang et al. [33, 34] . More recently, small carbon dots which were obtained from the laser ablation method were functionalized by a combination of doping with nanoscale semiconductors and organic functionalization, followed by gel column fractionation to harvest the most fluorescent carbon dots. The observed emission quantum yields for CZnS dots and CTiO 2 dots were up to 78% and 70%, respectively [35] . A kind of nitrogen-doped carbon dot with the utmost quantum yield (46.2%) was generated through a three-electrode EC system by Niu et al. for photoluminescent and electrochemiluminescent applications [36] . The sulfur-doped carbon dots with a high quantum yield (58%) synthesized via a microwave-assisted pyrolysis method for ultrasensitive detection of DA was reported by Gupta and Nandi [37] . Gadolinium-doped carbon dots prepared by Yu et al. via a hydrothermal treatment exhibit enhanced fluorescence and high quantum yield of up to 69.86% [38] . The surface passivation and the synthetic method of carbon dots were significant factors that affected the quantum yield of carbon dots. We obtained the carbon dots with a high-fluorescence quantum yield by using proper quantities of the chemical group of -SH and -NH 2 codoped carbon dots synthesized via microwave-assisted carbonization which can have greater uniformity of carbonization than other methods. The synergistic effect of the chemical group of -SH and -NH 2 and the uniformity of carbonization played an important role in increasing the quantum yield of carbon dots.
Carbon Dots as a Fluorescent Agent for Cell Imaging.
In order to study the bioimaging accessibility, the capability and performance of carbon dots for cell imaging had also been demonstrated. The prepared carbon dot solution with 0.1252 g·mL -1 (1 : 1500 dilution) was delivered into the sterile culture medium. CRL-5822 cells and HUVEC were processed in accordance with the method in Section 2.5. The Journal of Nanomaterials cover glass fully attached with CRL-5822 cells and HUVEC were transferred into the above-treated culture medium to culture the cells, respectively. The carbon dots entered the cells by penetrating the cell membrane and accumulated within the intracellular space including the cytoplasm and the nuclei, which can be observed under the fluorescent microscope as shown in Figure 3 . In Figure 3(a) , the representative bright-field and fluorescence images of CRL-5822 cells were treated with carbon dots for 6 h. Figure 3 (b) shows cell images of HUVEC treated with carbon dots for 6 h. The fluorescence of the HUVEC labeled by carbon dots was stronger than that of the CRL-5822 cells. The bioimage for 6 h shows that the prepared carbon dots could be accepted by normal cells (HUVEC) more easily than cancer cells. Consequently, this reagent as a fluorescent probe could enter and label the cell quickly. As shown in Figure 3 , the prepared carbon dots were internalized into two kinds of cells gradually. Compared with the cells treated by carbon dots for 6 h in Figures 3(b) and 3(a) , the stronger blue fluorescence of the prepared carbon dots can be evidently observed in the cell membrane and cytoplasm when the cells were treated with carbon dots for 12 h in Figure 3 (c). More importantly, the cell morphology remained unchanged during the whole process, indicating that carbon dots can inflict minimal harm to the cell. Therefore, the enrichment of carbon dots in in vivo cells has hardly any effect on cell viability, that is, the cells treated with carbon dots for a long time still possess enough vitality and proliferating ability. It demonstrated that the synthetic carbon dots possess excellent biocompatibility and a highfluorescence quantum yield, confirming the application potential of carbon dots in biological labelling and imaging.
Biocompatibility of Carbon Dots.
In order to explore the biocompatibility of carbon dots for cell-imaging agents in living cells, CRL-5822 cells and HUVEC were exposed to car-bon dot aqueous solutions for 6 h, 24 h, and 48 h, respectively. It is shown that after treating with carbon dot aqueous solutions, the inhibitory rates (the number of survived cells compared with the control group) of two kinds of cells are both high with more concentrated carbon dots. Comparing Figure 4 (a) with Figure 4(b) , CRL-5822 cells and HUVEC had almost the same inhibitory rate in the first 6 h. After treating for 24 h and 48 h, carbon dots have a slight influence on the cell viability of HUVEC. As shown in Figures 4(a) and 4(b), the cells treated for 48 h have a lower inhibitory rate than others when the concentration of carbon dots is 0.07825 mg·mL -1 (1 : 1600 dilution). Notably, in some tests with a low concentration of carbon dots, the cell growth was even boosted, suggesting the possible existence of some nutrients which are friendly to either or both kinds of cells. Hence, the prepared carbon dots have great biocompatibility for in vitro and in vivo application.
DA Detection.
When added with DA solution, the fluorescence intensity of carbon dots attenuates accordingly, which means that DA has a powerful ability to quench the fluorescence of carbon dots, and the corresponding quenching effect is shown in Figure 5 (a). Due to the existence of chemical groups on the surface of carbon dots, such as C=O and -NH 2 , the carbon dots possess strong fluorescence and higher quantum yield. However, when the DA solution was dropped into the diluted carbon dot solution, the reaction between the N-H bonds of carbon dots and DA structure occurred, in which the DA structure acted as an electron acceptor. This can be explained by the electronic transfer between the carbon dots and DA, causing the fluorescence quenching of carbon dots. Therefore, the fluorescence quenching mechanism among DA molecular and carbon dots can be used to detect the concentration of a DA solution.
The Stern-Volmer equation was introduced to precisely 5 Journal of Nanomaterials describe the degree of fluorescence quenching with the changing concentration of aqueous DA [39] :
where I is the fluorescence intensity, K sv is the slope of the linearity which stands for the constant of quenching, and the concentration of DA is described by ½C. The subscript 0 represents the carbon dot solution without the aqueous DA. As shown in Figure 5(b) , the linearity I 0 /I = 1 + 0:00868½C (R 2 = 0:995) was achieved in the concentration range from 0 to 40 μM of DA and the limit of detection (LOD) is 0.75 μM (S/N = 3), which is comparable with previous reports in Table 2 . It indicated that the prepared carbon dots with a high quantum yield was highly sensitive to the DA solution, which can be used as a fluorescence probe for DA detection. Journal of Nanomaterials 3.6. Selectivity. In order to accurately measure the DA concentration under different environments, the crossinfluence raised by an interfering substance must be eliminated. The interference effect of other chemicals for carbon dots was also studied. In Figure 6 , compared with the common chemicals such as cysteine, glycine, ascorbic acid, urea, and glucose, the quenching effect of carbon dots by DA was more obvious, which demonstrated that the detection of DA by carbon dots possessed a distinct specificity based on the fluorescence quenching principle.
Real Application.
In order to evaluate the feasibility of the application of the fluorescent probe in real sample detection, the standard addition method was used in the DA detection based on carbon dots with human serum samples. The results are presented in Table 3 . The satisfictory recovery rates are between 97.70% and 103.30% with the relative standard deviation (RSD) in the range from 2.13% to 2.91%. It can be demonstrated that the fluorescent probe based on carbon dots possesses a good feasibility, acceptability, and accuracy in DA detection with real samples. Thus, the proposed method exhibited the application potential for DA detection in biological samples.
Conclusions.
In conclusion, we have synthesized carbon dots with a high-fluorescence quantum yield (up to 85%) by an accessible, rapid, economical, and ecofriendly microwave-assisted approach. To the best of our knowledge, it is higher than any other reported quantum yield value of carbon dots. In our synthesis system, the -NH 2 and -SH are effective chemical groups to increase the fluorescent quantum yield of carbon dots, which proves to be an effective method to enhance the fluorescence of carbon dots. The carbon dots had an excellent luminescence property and good water solubility, as well as fantastic biocompatibility. The best dilution ratio of 1 : 1600 (0.07825 mg·mL -1 concentration) was confirmed. In this ratio, the carbon dots could emit strong fluorescence by excitation and had high biological compatibility. Moreover, the fluorescence images of the CRL-5822 cells and HUVEC exhibited that carbon dots could be efficiently absorbed by living cells. The fine linearity between DA concentration and fluorescence intensity of car-bon dots (R 2 = 0:995) was obtained, which demonstrated that the concentration of the DA solution can be measured reasonably. The cross-influence raised by several common interfering substances and applications in real samples were estimated in detail, demonstrating that the carbon dots had a good selective recognition ability and can be applied for DA detection in biological samples. These features prove that the carbon dots can act as potential candidates for bioimaging and biosensing with few interference and high efficiency.
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